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HIGHLIGHTS 


►  Ordered  mesoporous  Mo02  was  prepared  using  silica  KIT-6  as  hard  template. 

►  Mo02  exhibits  excellent  performance  as  anode  material  for  aqueous  supercapacitors. 

►  The  dominating  working  ions  of  Mo02  in  LiOH  electrolyte  are  proved  to  be  Li+  ions. 
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Ordered  mesoporous  Mo02  is  prepared  employing  silica  KIT-6  as  hard  template.  Electrochemical  quartz 
crystal  microbalance  is  utilized  to  investigate  the  charge  storage  mechanism  of  mesoporous  Mo02  in 
aqueous  LiOH  electrolyte  solution.  The  dominating  working  ions  are  proved  to  be  Li+  ions.  Mesoporous 
Mo02  exhibits  excellent  supercapacitive  behavior  in  the  potential  range  of  -1.2  to  -0.5  V  vs.  SCE, 
rendering  it  a  promising  anode  material  for  aqueous  supercapacitors. 

©  2013  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Supercapacitors  have  attracted  significant  attention  owning  to 
their  fast  charging/discharging  ability,  ultrahigh  power  delivery, 
excellent  cycle  life,  and  reliable  safety  [1,2].  Nonetheless,  their  en¬ 
ergy  density  is  unsatisfactory  compared  with  conventional  batte¬ 
ries.  According  to  the  formula  E  =  CH2/ 2,  the  energy  density  (E)  of  a 
supercapacitor  is  proportional  to  its  specific  capacitance  (C)  and  the 
square  of  its  operating  voltage  (H).  Numerous  researchers  have 
been  concentrating  on  improving  the  capacitance  of  various  elec¬ 
trode  materials  through  morphology  controlling  or  fabrication  of 
nanocomposites  [3,4].  Widening  the  operating  voltage  of  a  super¬ 
capacitor,  which  depends  on  the  potential  difference  of  cathode 
and  anode,  is  another  effective  route  to  enhance  energy  density.  In 
view  of  aqueous  supercapacitors,  lots  of  cathode  materials  with 
working  potentials  higher  than  0  V  vs.  SCE  have  been  investigated 
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extensively  [5-8],  whereas,  there  are  few  reports  on  low-potential 
(lower  than  0  V  vs.  SCE)  anode  materials  [9—11]. 

Molybdenum  oxides,  mainly  including  M0O3  and  M0O2,  are 
potential  electrode  materials  for  lithium  ion  batteries  [12,13]  and 
supercapacitors  [14-18]  due  to  their  multiple  valence  states,  high 
electrochemical  activity,  and  affordable  cost.  Especially,  M0O2 
possesses  a  strong  metallic  Mo-Mo  bond,  rendering  it  a  metal-like 
conductivity  at  room  temperature  [19,20].  Thus  M0O2  is  more 
appealing  than  other  non-conductive  transition-metal  oxides  for 
supercapacitors  application.  To  the  best  of  our  knowledge,  M0O2 
has  never  been  reported  as  an  anode  material  for  aqueous  super¬ 
capacitors.  In  this  work,  ordered  mesoporous  M0O2  (m-Mo02)  was 
prepared  using  (NH4)6Moy024-4H20  as  molybdenum  source  and 
silica  KIT-6  as  hard  template.  m-Mo02  was  demonstrated  to  exhibit 
excellent  supercapacitive  performance  benefiting  from  the  ordered 
mesoporous  structure  and  low  solubility  of  M0O2  in  alkaline  LiOH 
aqueous  electrolyte.  The  average  working  potential  of  -0.85  V  vs. 
SCE  makes  it  suitable  as  an  anode  material  for  aqueous  super¬ 
capacitors.  In  addition,  electrochemical  quartz  crystal  microbalance 
(EQCM)  results  prove  that  the  dominating  working  ions  for  the 
charge  storage  of  m-Mo02  are  Li+  ions. 
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Fig.  1.  a)  TEM  image,  b)  N2  sorption  isotherms  and  pore  size  distribution,  c)  XRD  pattern,  and  d)  EDX  spectrum  of  ordered  mesoporous  Mo02. 


2.  Experimental 

Mesoporous  silica  KIT-6  was  prepared  according  to  the  method 
reported  in  literature  [21  ].  For  the  preparation  of  ordered  meso¬ 
porous  M0O2, 1.5  g  of  (NH4)6Moy024-4H20  precursor  dissolved  in 
10  mL  of  deionized  water  was  mixed  with  1.0  g  of  KIT-6  template 
under  stirring  in  an  open  crucible.  After  evaporation  of  deionized 
water,  the  obtained  white  powders  were  calcined  at  650  °C  for  6  h 
under  5%  H2/Ar  atmosphere,  which  was  then  etched  with  2  M 
NaOH  solution  to  remove  silica  template.  Bulk  M0O2  was  prepared 
from  the  direct  decomposition  of  (NH4)eMo7024-4H20. 

Morphologies  of  the  products  were  observed  by  scanning  elec¬ 
tron  microscope  (SEM,  Philips  XL30)  and  transmission  electron 
microscope  (TEM,  JEOL  JEM-2010).  The  specific  surface  area  and 
pore  size  distribution  of  m-Mo02  were  measured  according  to  the 
Brunauer-Emmett-Teller  (BET)  method  using  Micromeritics  Tris¬ 
tar  II  apparatus  with  liquid  nitrogen  cooling.  X-ray  diffraction  (XRD) 
was  operated  using  a  Rigaku  D/MAX-IIA  X-ray  diffractometer  with 
Cu  I<a  radiation.  Energy  dispersive  X-ray  (EDX)  spectrum  of 
m-Mo02  was  obtained  using  Philip  XL30  scanning  electron  micro¬ 
scope.  Electrochemical  quartz  crystal  microbalance  experiments 
were  carried  out  on  CHI400B  EQCM  with  gold  coated  quartz  crystal 
electrode.  Small  amounts  of  m-Mo02  powder  were  loaded  onto  the 
gold  electrode  directly  for  EQCM  measurement  without  addition  of 
any  other  conductive  agents. 

Electrochemical  performance  testing  of  M0O2  electrode  was 
operated  using  a  three-electrode  cell,  in  which  Ni-mesh  and  satu¬ 
rated  calomel  electrode  were  used  as  the  counter  and  reference 
electrode,  respectively.  The  preparation  method  of  Mo02  working 
electrode  is  shown  in  Supporting  information.  1  M  LiOH  aqueous 
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Fig.  2.  a)  CV  curve  and  mass  changes  of  m-Mo02  electrode  obtained  through  EQCM. 
The  scan  rate  is  set  at  15  mV  s_1.  b)  Relation  between  the  mass  changes  and  stored 
charge  of  m-Mo02  electrode.  The  red  dash  lines  are  the  linear  fit  of  part  a-b  and  c-d. 
c)  Schematic  illustration  of  the  charge  storage  of  m-Mo02  including  intercalation  and 
adsorption  of  Li+.(For  interpretation  of  the  references  to  colour  in  this  figure  legend, 
the  reader  is  referred  to  the  web  version  of  this  article.) 
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solution  was  used  as  electrolyte.  Cyclic  voltammograms  (CV)  of 
M0O2  electrodes  were  collected  in  the  potential  range  of  -1.2 
to  -0.5  V  vs.  SCE  using  ZAHNER-Elektrik  Electrochemical  Work¬ 
station  IM6.  Galvanostatic  discharge  and  charge  tests  were  per¬ 
formed  with  a  cycle  tester  from  LAND  Electronic  Co.  The  specific 
capacitance  of  Mo02  electrode  was  calculated  from  CV  curves  (see 
Supporting  information). 

3.  Results  and  discussion 

TEM  image  (Fig.  la)  reveals  that  m-Mo02  possesses  an  ordered 
mesoporous  structure,  which  is  an  inverse  replica  of  KIT-6  tem¬ 
plate.  The  thickness  of  the  interconnected  pore  walls  observed  from 
SEM  images  (Fig.  SI)  is  about  8  nm,  close  to  the  pore  diameter  of 
silica  template  (Fig.  S2).  Nitrogen  sorption  isotherm  analyses  on  m- 
Mo02  (Fig.  lb)  indicate  that  it  has  a  narrow  pore  size  distribution 
centered  at  13  nm  and  its  specific  surface  area  calculated  by  BET 
method  is  69  m2  g-1.  XRD  pattern  (Fig.  lc)  of  m-Mo02  can  be 
indexed  to  distorted  rutile  Mo02  phase  (JCPDF  No.  65-5787). 


Elemental  composition  of  m-Mo02  was  analyzed  through  EDX 
spectrum  (Fig.  Id),  which  discloses  the  presence  of  Mo  and  O 
without  any  other  impurities.  The  atomic  ratio  of  Mo/O  is  deter¬ 
mined  to  be  1/2,  further  validating  the  chemical  composition  of 
Mo02. 

EQCM  is  a  powerful  tool  that  can  monitor  in-situ  mass  changes 
of  electrode  down  to  nanogram  level  during  electrochemical  pro¬ 
cess.  By  studying  the  relationship  between  the  mass  change  and 
total  charge  passed  through  the  electrode,  the  electrochemical 
mechanism  can  be  analyzed.  CV  curve  and  the  corresponding  mass 
change  of  m-Mo02  electrode  during  electrochemical  cycles  in  1  M 
LiOH  solution  are  shown  in  Fig.  2a.  During  the  reductive  scan,  the 
mass  increases  almost  linearly,  implying  incorporation  of  cations 
into  the  m-Mo02  electrode  along  with  the  electron  gain.  On  the 
contrary,  a  mass  loss  is  observed  for  the  oxidative  scan.  Mass 
changes  of  m-Mo02  electrode  (Am  (ng-1))  are  plotted  against  the 
stored  charge  (Q/C)  during  CV  scan  (Fig.  2b).  The  molecular  weight 
(M)  of  working  ions  causing  mass  changes  of  Mo02  electrode  can  be 
calculated  according  to  the  following  equation: 


Fig.  3.  a,  b)  CV  curves  of  m-Mo02  at  various  scan  rates,  c)  Capacitance  of  m-Mo02  and  bulk  Mo02  at  various  scan  rates,  d)  Cycling  performance  of  m-Mo02  discharged/charged  at  the 
current  density  of  1  A  g  \  e)  Dissolution  results  of  m-Mo02  in  three  types  of  electrolyte. 
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M  =  96,487  x  Am  x  109/AQ  (1) 

The  calculated  M  from  the  slope  of  a-b  and  c-d  parts  denoted  in 
Fig.  2b  is  7  and  12  g  mol-1,  respectively,  resembling  to  the  molec¬ 
ular  weight  of  Li+.  Thus  Li+  ions  can  be  regarded  as  the  dominating 
working  ions  for  the  charge  storage  of  m-Mo02  in  LiOH  solution.  As 
far  as  we  know,  the  electrochemical  mechanism  of  M0O2  in 
aqueous  electrolyte  has  never  been  reported  by  other  researchers. 

CV  curve  of  m-Mo02  (Fig.  2a)  presents  a  rough  rectangular  shape, 
indicative  of  its  supercapacitive  nature.  Besides  the  rectangular  part, 
a  couple  of  small  redox  peaks  at  about  -0.92  V  can  be  observed 
distinctly.  It  has  been  proposed  that,  the  faradaic  pseudocapacitance 
storage  of  transition-metal  oxides  mainly  occurs  in  two  manners, 
namely,  adsorption  of  cations  onto  the  surface  of  a  material 
(adsorption  pseudocapacitance)  and  intercalation  of  cations  into  the 
interlayer  gaps  of  a  material  (intercalation  pseudocapacitance) 
[22,23].  Both  of  them  are  accompanied  by  metal  reduction.  For  the 
current  m-Mo02  material,  the  small  couple  of  redox  peaks  in  CV 
curve  can  be  attributed  to  the  intercalation/deintercalation  of  Li+ 
into/from  the  tunnel  structure  of  M0O2.  The  rectangular  part  arises 
from  the  adsorption/desorption  of  Li+  onto/from  the  m-Mo02  sur¬ 
face.  In  comparison  with  LiOH  electrolyte,  CV  curve  of  m-Mo02  in 
Li2S04  electrolyte  presents  a  similar  rectangular  shape  and  a  couple 
of  distinct  redox  peaks  (Fig.  S5),  also  confirming  that  Li+  ions  are  the 
dominating  working  ions.  The  adsorption/intercalation  behavior  of 
Li+  onto/into  m-Mo02  is  similar  to  that  of  Mn02  material  [24].  A 
schematic  is  presented  in  Fig.  2c  to  illustrate  the  adsorption  and 
intercalation  pseudocapacitance  of  m-Mo02. 

In  order  to  test  the  electrochemical  performance  of  m-Mo02  for 
supercapacitors  application,  m-Mo02  working  electrode  was  pre¬ 
pared  by  pressing  a  mushy  mixture  of  M0O2,  acetylene  black,  and 
poly(tetrafluoroethylene)  onto  Ni-mesh.  Its  CV  curves  in  the  po¬ 
tential  range  of  -0.5  to  -1.2  V  vs.  SCE  at  various  scan  rates  are 
displayed  in  Fig.  3a  and  b.  The  redox  peaks  as  well  as  the  rectan¬ 
gular  shape  of  m-Mo02  are  maintained  rather  well  even  at  the  scan 
rate  of  100  mV  s_1,  suggesting  that  both  the  adsorption  and  inter¬ 
calation  process  of  m-Mo02  are  kinetically  facile.  The  specific 
capacitance  (Fig.  3c)  of  m-Mo02  at  the  scan  rate  of  5  mV  s_1 
is  146  F  g-1,  close  to  that  of  M0O2  nanorods  (140  F  g-1)  [25], 
well-aligned  M0O2  nanorods  (205  F  g-1)  [17],  and  carbon/Mo02 
nanocomposite  (150  F  g-1)  [26].  The  capacitance  is  also  consider¬ 
ably  higher  than  those  of  M0O3  nanorods  (32  F  g-1)  [27]  and  M0O3 
nanowires  (96  F  g-1)  [18].  Remarkably,  the  average  working  po¬ 
tential  of  m-Mo02  is  up  to  -0.85  V  vs.  SCE  in  LiOH  electrolyte, 
making  it  suitable  as  an  anode  material  for  aqueous  super¬ 
capacitors.  When  the  scan  rate  increases  to  500  mV  s-1,  47%  of 
primary  capacitance  is  preserved,  signifying  an  excellent  high  rate 
capability  of  m-Mo02.  This  can  be  ascribed  to  the  highly  ordered 
mesoporous  structure  and  good  electrical  conductivity  of  m-Mo02 
[12],  thus  facilitating  diffusion  of  electrolyte  and  transport  of 
electrons.  In  contrast,  bulk  M0O2  prepared  free  of  silica  template 
exhibits  a  very  poor  electrochemical  activity. 

The  long-term  cycling  performance  of  m-Mo02  electrode 
(Fig.  3d)  is  evaluated  by  galvanostatically  discharging/charging  it  at 
the  current  density  of  1  A  g-1.  There  is  a  slight  capacitance  loss  of 
10%  after  1000  cycles.  Actually,  molybdenum  oxides  have  not 
proven  to  be  of  much  interest  for  aqueous  supercapacitor  applica¬ 
tions  because  of  their  poor  cycling  behavior  [28]  associated  with 
the  high  dissolution  of  Mo  into  electrolyte.  Usually,  H2S04,  Li2S04, 
and  Na2S04  aqueous  solutions  were  adopted  as  the  electrolytes  for 
molybdenum  oxides  [9,15-18,25-27],  different  from  the  electro¬ 
lyte  used  in  this  work.  Herein,  a  dissolution  experiment  of  M0O2  in 
three  types  of  aqueous  electrolytes  with  different  pH  was  con¬ 
ducted.  The  same  amounts  of  m-Mo02  were  added  into  0.5  M 


H2SCH,  0.5  M  Li2S04,  and  1  M  LiOH  solution,  respectively.  After 
being  stirred  overnight  at  room  temperature,  these  solutions  were 
centrifuged  to  remove  the  m-Mo02  precipitants.  The  colors  of  the 
final  clear  solutions  (Fig.  3e)  indicate  that  dissolution  of  m-Mo02  in 
H2S04  and  Li2S04  solutions  is  more  serious  than  that  in  LiOH  so¬ 
lution,  which  explains  the  good  cycling  performance  of  m-Mo02  in 
LiOH  solution. 


4.  Conclusion 


Ordered  mesoporous  M0O2  was  prepared  using  silica  KIT-6  as 
hard  template.  The  dominating  working  ions  for  the  charge  storage 
of  m-Mo02  in  aqueous  LiOH  electrolyte  are  proved  to  be  Li+  ions 
through  EQCM  measurement.  Owning  to  the  ordered  mesoporous 
structure  and  low  solubility  of  M0O2  in  alkaline  LiOH  solution,  m- 
M0O2  exhibits  an  excellent  high  rate  capability  and  good  cycling 
performance.  With  an  average  working  potential  of  -0.85  V  vs.  SCE, 
m-Mo02  is  suitable  as  an  anode  material  for  aqueous 
supercapacitors. 
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